ABSTRACT The aim of the study was to evaluate the effect of iodine yeast (I-yeast) supplementation on the performance, egg traits, and iodine content of eggs of laying hens. The experiment was conducted as a completely randomized design. A total of 60 laying hens (Hy-Line Brown), 25 wk of age, was divided into 3 groups (4 replicates), and a feeding experiment was conducted for 12 wk. The concentrations and forms of iodine added to the basal diet were as follows: control group, 1 mg of iodine/kg of feed, Ca(IO 3 ) 2 •H 2 O; experimental groups E1 and E2, 1 and 2 mg of iodine per kilogram of feed, I-yeast, respectively. The iodine yeast did not significantly affect BW gain. Lower level of hen day egg production for groups E1 and E2 was not confirmed statistically; however, it was probably the consequence of low replication. Feed intake was the lowest in the E1 group and feed conversion rate was the highest in the E2 group. Furthermore, the egg and albumen weight was the highest in the group supplemented with 2 mg/kg of iodine from I-yeast (P < 0.05). The concentration of iodine in the egg yolk from groups E1 and E2 was respectively about 80 and 90% higher, compared with the control group. Eggshells from the group fed with 2 mg/kg of I-yeast contained almost 3 times more iodine than eggshells from the control group. The results suggest that iodine yeast supplementation in the diet of laying hens is an effective method for increasing iodine concentration in eggs and thus could contribute to elimination of iodine deficiency disorders in humans consuming iodine-enriched eggs.
INTRODUCTION
Iodine deficiency is still a major worldwide problem concerning almost 2 billion people. In Europe, citizens of only 15 countries have sufficient iodine intake (Vitti et al., 2003) . Based on the WHO estimates, over 250 million school-age children have a daily iodine intake below the required level, which is between 90 and 150 μg, depending on age, and even 250 μg for women during pregnancy and lactation (Andersson et al., 2007; de Benoist et al., 2008) . However, it is important to underline that the ratio of the tolerable upper limit of iodine intake for adults to the required level is lower than 5:1, which means that this essential element belongs to risk category one (Kirchgessner et al., 1999; Meyer et al., 2008) . Moreover, the relationship between iodine excess or deficiency and thyroid cancer was investigated (Feldt-Rasmussen, 2001; Sehestedt et al., 2006; Knobel and Medeiros-Neto, 2007) .
Although an intensive program of iodine deficiency control, focusing mainly on iodization of salt, is very successful in most countries, there is a strong need to find other ways to eliminate iodine deficiency disorders. A promising solution is supplementing animal feed with iodine to produce food with higher iodine concentration Laurberg, 2004) . One method is enrichment of hen eggs' iodine content. Enriched eggs, being a rich and easily available source of vitamins and minerals, are becoming attractive for the human diet (Bourre and Galea, 2006) .
In the poultry diet, iodine is supplemented mainly in the form of Ca(IO 3 ) or KI within the mineral premix, or iodized salt. Iodine is a very important microelement in laying hens' feeding, being a component of thyroxin, which regulates metabolism and has a strong influence on performance and growth of birds. Deficiency of iodine can cause metabolic disorders, decreased hatchability and laying rate, and stimulates enlargement of the thyroid gland-goiter (Lewis, 2004) .
Yeast has been used in animal feeding for over 100 yr. Moreover, being a rich source of readily digestible protein, vitamin B and some minerals, dietary yeasts have a positive effect on animal health and production. Taking into consideration that the use of antibiotics in animal feeding has been or is going to be abandoned in most countries, yeast supplementation seems to be a very good solution to improve the health status of livestock. It was reported that yeast supplementation in poultry feeding can improve performance and internal egg quality (Ayanwale et al., 2006; Yalçin et al., 2010) . However, Yalçin et al. (2008) noticed that there is inconsistency of results concerning the effect of yeast supplementation in poultry. In the last decade, microand macro-element-enriched yeast has become very popular in poultry feeding. Dietary investigations with poultry considering yeast enriched with chromium, copper, iron, manganese, selenium, or zinc were conducted (Dobrzański et al., 2003; Piva et al., 2003; Utterback et al., 2005; Dobrzański et al., 2008; Placha et al., 2009 ). Pavlović et al. (2010) observed no adverse effect of selenium-enriched yeast on eggshell quality. It was found that Cr-yeast supplementation increased BW, weight gain, and feed efficiency of broiler chickens (Królicze-wska et al., 2004) . Payne and Southern (2005) reported that Se-enriched yeast supplementation of the diet of broilers resulted in increased tissue Se concentration and did not affect growth performance. The advantage of an organic form of selenium and a trend to prefer Se-yeast over inorganic selenium compounds in animal feeding was observed by Baowei et al. (2011) .
Therefore, the aim of the study was to determine the effect of iodine yeast supplementation on the performance, egg traits, and iodine content of eggs and eggshells of laying hens.
MATERIALS AND METHODS

Experimental Birds, Diets, and Treatments
The iodine yeast (I-yeast) was prepared on a laboratory scale at Pharmaceutical Research and Production Plant "Biochefa" (Sosnowiec, Poland). Baker's yeast (Saccharomyces cerevisiae) suspended in water, was mixed with whey solution (10%) and a solution of potassium iodide (4.5 mmol/L). The suspension was incubated at 50°C for 24 h and centrifuged for 30 min at 20°C at 4,196 × g. The iodine concentration in yeast was at the level of 2 g/kg, and dried iodine yeast was added to the basal diet at the doses of 0.05 and 0.1% wt, in groups E1 and E2 respectively (Dolińska et al., 2011) .
The investigation was conducted in a room with controlled climate and light regimen of 16L:8D. A total of 60 laying hens (Hy-Line Brown), 25 wk of age, was randomly distributed into 12 cages and divided into 3 groups (4 replicates). Hens were housed in a 3-tier battery system, 5 hens per cage (1.5 m 2 /hen). Feed and water were provided ad libitum. The feeding experiment was conducted for 12 wk. However, all laying hens were fed with the basal diet containing the same inorganic form of iodine (calcium iodate hydrate) during 2 wk before the feeding experiment began. The composition of the basal diet, which was formulated to be isocaloric and isonitrogenous according to nutrient recommendations for laying hens (Smulikowska and Rutkowski, 2005) , is given in Table 1 . The concentrations and forms of iodine added to the basal diet were as follows: control group (C), 1 mg of iodine per kilogram of feed, Ca(IO 3 ) 2 •H 2 O; experimental group (E1), 1 mg of iodine per kilogram of feed, I-yeast; experimental group (E2), 2 mg of iodine per kilogram of feed, I-yeast.
Sample Collection and Analysis
Hens were weighed individually at the beginning and at the end of the investigation. Feed intake was recorded twice every week and feed samples were collected at the beginning and after 6 and 12 wk of the investigation. Chemical composition of experimental diets was determined in duplicate by standard proce- dures (AOAC International, 2000) for moisture (method 930.15), crude ash (942.05), crude protein (984.13), crude fiber (978.10), and crude fat (920.39). The total phosphorus concentration was analyzed using the molybdovanadate method (965.17), and calcium content was analyzed by atomic absorption spectrometry (AAS) method (968.08).
Eggs were collected daily, and the eggs laid during the last 3 d of every week were weighed individually. To determine iodine concentration and egg quality, 20 eggs were randomly collected from each group (5 eggs/ replicate) during 2 d before the beginning of investigation and during the last 2 d of the experiment. Individual eggs were weighed as well as yolk, albumen, and eggshells. Eggshell breaking strength was determined by using a Zwick/Roell device (Zwick-Roell, Ulm, Germany). Eggshell thickness was measured on the egg equator at 2 points by a micrometer screw (0.001-mm micrometer IP 54, Wilson Wolpert, Maastricht, the Netherlands). Color of the yolk was measured using Chroma meter model CR-400 (Minolta Corp., Tokyo, Japan) and expressed according to the Hunter color values (L*, a*, and b*). Moreover, yolk color intensity was visually estimated using a La Roche color fan.
At the beginning and at the end of the experiment, the same 8 hens were chosen from each group (2 hens/ replicate), and the blood was taken from the vena brachialis. The blood samples were centrifuged and serum samples were stored at −20°C for later analysis. Serum Ca, Cu, and P concentrations were measured using a Pentra 400 biochemical analyzer (Horiba ABX Diagnostics, Montpellier, France).
The samples of feed, blood, egg yolk, egg albumen, and eggshells were digested in Teflon vessels with 5 mL of concentrated HNO 3 supra-pure grade from Merck (Whitehouse Station, NJ), using a microwave oven (Start D, Milestone S. r. l., Sorisole, Italy). The iodine concentration in samples was determined using ion-selective iodine electrodes type 9653 (range of I concentration: 0.05-127 mg/kg) and Orion 4 Star Ion-Meter (Orion Research, 2000) .
Statistical Analysis
The experiment was conducted as a completely randomized design with 3 treatments, each treatment was replicated 4 times (5 hens/replicate). Data were tested for normality (Shapiro-Wilk's test). Statistical comparisons between the groups were done via one-way ANO-VA (ANOVA) using Statistica version 8.1 (Statistica for Windows, StatSoft Inc., Tulsa, OK). To account for the differences in initial eggshell strength between treatments, eggshell weight and eggshell thickness were subjected to analysis of covariance using initial eggshell strength as a covariate. The effect of time on selected element content in blood serum and color of the yolk was investigated. All the data are reported as means. Effects were considered significant at a probability of P < 0.05. Differences among treatment means were tested for significance using Tukey's multiple-range test.
RESULTS AND DISCUSSION
The concentration of iodine in diets of groups C, E1, and E2 were found to be 1.55, 1.32, and 1.98 mg/kg, respectively. It is worth underlining that the iodine content in the feed was over the recommended level of 1.0 mg/kg (Smulikowska and Rutkowski, 2005) . This was probably an effect of high iodine concentration in fodder plants. However, the content of iodine in the C and E1 groups was about 30% lower than in the E2 group.
The effect of iodine yeast supplementation on hens' performance and egg quality parameters is shown in Tables 2 and 3. The iodine yeast did not significantly affect BW gain of laying hens or hen-day egg production. Feed intake was the lowest in the E1 group, and feed conversion rate was the highest in the E2 group. Furthermore, the egg and albumen weights were the highest in the group supplemented with 2 mg/kg of iodine from I-yeast (P < 0.05). Of note, the investigated egg quality parameters were not significantly different at the beginning of the experiment, except eggshell strength. However, initial eggshell strength as a covariate was not significant in analyses of eggshell weight and eggshell thickness. Lower level of hen-day egg production for groups E1 and E2 was not confirmed statistically, however, especially in the case of group E2, it was probably the consequence of low replication. It is worth noting that a similar effect was reported by Lichovnikova et al. (2003) during a 50-wk investigation using ISA Brown laying hens. However, iodine concentration was at a higher level than in our experiment, in the control and experimental group (3.57 and 6.07 mg/ kg, respectively). It was also found that higher iodine feed concentration negatively influences yolk, albumen, and eggshell weights, and the differences were statistically significant. also reported that increasing iodine concentration in the feed (maximum 5.0 mg/kg) did not affect egg production, although the highest egg production was in the group fed with 1.0 mg/kg of iodine. Moreover, the feed conversion rate was independent of iodine concentration. The effect of iodine supplementation on performance of laying hens was also investigated by Yalçin et al. (2004) , and the concentration of iodine in the diets was 0.80, 2.90, 5.20, 11.10, and 21.50 mg/kg. It was reported that the iodine supplementation up to 5.20 mg/kg did not affect laying hens' performance and egg quality parameters. However, hen-day egg production and egg weight were decreased by the highest iodine content (P < 0.01). Iodine yeast supplementation influenced the color of the yolk (Table 4 ). The lightness (L* value) and redness (a* value) of the yolks collected from birds fed with I-yeast additive were different compared to the control group (P < 0.05). Moreover, yolk color score, estimated with a La Roche color fan, confirmed results obtained with the Chroma meter. The differences were probably caused by higher iodine concentration in the yolk of eggs collected from E1 and E2 groups. Due to the lack of data demonstrating the influence of iodine supplementation on yolk color, further studies are necessary.
Since mineral concentration of blood during the laying period can be influenced by mineral supplements (Eren et al., 2004) , and calcium, phosphorus, and copper are important components of eggshells, the effect of iodine yeast supplementation on the level of Ca, P, and Cu in the blood of laying hens was determined; the results are shown in Table 5 . The concentration of all investigated elements was higher in blood samples collected from hens fed with I-yeast, but the differences were not statistically significant. The ratio of phosphorus to calcium in blood serum was on the same level. Determined levels of calcium, phosphorus, and copper in the blood of laying hens were within the physiological range (Pavlik et al., 2009) . Although the concentration of examined elements was diverse, I-yeast supplementation did not significantly affect the concentration of Ca, Values within the same row with different superscript letters differ (P < 0.05). 1 C = control group, 1 mg of I/kg; E1 = I-yeast group, 1 mg of I/kg; E2 = I-yeast group, 2 mg of I/kg. P, and Cu in the blood during the laying period. It is worth mentioning that calcium and copper are considered as elements influencing thyroid function and thus may cause disturbance in iodine metabolism (KabataPendias and Pendias, 1999) . The concentration of iodine in egg yolk, albumen, and eggshells at the beginning and at the end of the feeding experiment is shown in Table 6 . The initial iodine content in eggs collected at the beginning of the investigation was diverse, but in the case of egg yolk, the differences were not statistically significant, unlike in the case of eggshells. The concentration of iodine in the egg yolks of groups E1 and E2 was higher by about 80 and 90%, respectively, compared with the control group after the 12-wk experimental period. A similar effect was observed according to the eggshell iodine content. Eggshells from the group fed with 2 mg/kg of iodine from I-yeast contained almost 3 and 2.5 times more iodine than eggshells from groups C and E1, respectively. The results of our study showed that the transfer of iodine into the egg content was much higher when the feed for laying hens was supplemented with iodine-enriched yeast. The iodine concentration in the egg yolks from groups fed with I-yeast was at a similar level, considerably and significantly higher than in the control group, fed with an inorganic form of iodine. However, it is very difficult to compare the exact values of iodine concentration due to the fact that the iodine determination methods are different and have diverse sensitivity. Travnicek et al. (2006) investigated the iodine content in consumer eggs. The average iodine concentration in the yolks of eggs from large flocks were 1,014.1 ± 356.6 and 1,663.8 ± 1,179.7 μg/kg of fresh matter in 2004 and 2005, respectively (P < 0.01). On the other hand, the respective values for yolks of eggs from small flocks in 2004 and 2005 were 307.1 ± 255.7 and 519.5 ± 508.2 μg/kg of fresh matter (P < 0.01). Haldimann et al. (2005) analyzed the iodine content in different product groups available on the Swiss market. The mean iodine concentration in egg yolk was at the level of 1,413 ± 886 ng/g of dry matter. An experiment with hen feed enriched with different amounts of KIO 3 was also conducted by . The total egg iodine concentration was 51.4 ± 6.2 μg after supplementation of 5.0 mg of iodine/kg of feed. Moreover, there was a high correlation between the level of iodine supplementation and total iodine content per egg (R 2 = 0.9153; P < 0.001). Yalçin et al. (2004) also found that the egg iodine concentration is positively correlated with iodine amount in the diet. The content of iodine in 100 g of yolk varied between 44.3 and 335.2 μg. Dobrzański et al. (2001) reported that 2 times higher concentration of iodine in premix resulted after 4 wk of application in 52.6% higher concentration of iodine, compared with the control group. Moreover, no antagonistic effects against Ca, Mg, Mn, or Cu concentration in egg content were found.
The results of our study showed that the iodine transfer into the egg content was significantly higher in groups of birds fed with the iodine-enriched yeast compared with the inorganic form of that element commonly used in animal feeding. Moreover, taking into consid- eration the fact that eggshells are a potential substrate for producing food supplements, it is worth emphasizing that the concentration of iodine in eggshells from experimental groups was almost 3 times higher than in the control group. The results suggest that iodine yeast supplementation in the diet of laying hens is an effective method for increasing iodine concentration in eggs and thus could contribute to elimination of iodine deficiency disorders in humans consuming iodine-enriched eggs.
